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Abstract—An initial design for a novel passive blade-

pitch mechanism for a tidal turbine has been developed. 

This technology aims to reduce the loads on the rotor in 

high-flow conditions when compared to fixed-pitch blades, 

whilst reducing complexity and increasing reliability when 

compared to active pitch systems. This would enable larger 

rotor blades to be installed on turbines that currently 

employ fixed-pitch blades, without the capital or 

maintenance costs associated with active-pitch control. A 

fluid-structure interaction tool which couples the 

mechanical response of the passive-pitch mechanism with 

NREL’s AeroDyn blade element momentum code has been 

developed. Turbine performance has then been modelled 

for a range of operating conditions, allowing the influence 

of blade geometry, rotor diameter and passive-pitch 

characteristics to be analysed in terms of rotor loading and 

turbine performance. Initial analysis suggests that 

installing blades with a passive pitch mechanism could 

reduce the loads on the rotor in high-flow conditions down 

by 50% compared to the loads that would act on an 

equivalent rotor with fixed-pitch blades. This would allow 

larger diameter rotors to be installed, which could improve 

annual energy yield by 32.7% at a typical site. 
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I. INTRODUCTION 

IDAL currents offer a predictable and sustainable 

source of energy, but the levelised cost of energy 

(LCOE) generated by tidal turbines remains significantly 

higher than other renewables. This is largely due to the 

fact that maintenance is expensive [1], and relies upon 

suitable weather conditions and vessel availability, which 

can lead to costly delays [2], [3]. 

 Operation and maintenance (O&M) costs can be 

reduced by eliminating complex systems such as active 

blade-pitch control. LCOE for tidal turbines, however, 

depends upon both costs and energy yield [4]. 

Eliminating blade-pitch altogether by installing fixed-

pitch blades reduces O&M costs, but necessitates the use 

of smaller rotor blades, which capture less energy from 

the tidal flow. This can result in an unviable LCOE, 

especially at low-flow sites, which are far more common 

than high-flow tidal sites [5]. 

 The development of a passive blade-pitch mechanism 

to reduce the loads on a tidal turbine in high-flow 

conditions offers the potential to reduce complexity, and 

therefore maintenance costs, when compared to active 

pitch systems, whilst allowing larger blades to be 

installed, which will capture more energy when 

compared to fixed-pitch turbines.  

A. Tidal turbine control methods 

The aim of tidal turbine control is to enable the device 

to capture as much energy as possible in low-flow 

conditions, which occur most of the time, whilst ensuring 

that the turbine can survive less frequent high-flow 

conditions [6].  

The control methods for tidal turbines can be 

categorised as follows: variable-speed fixed-pitch, 

constant-speed variable-pitch, or variable-speed variable-

pitch. 

Variable-speed control allows turbines to reduce the 

torque acting on the rotor in high-flow conditions by 

moving away from the peak on the torque coefficient 

curve [7]. For a rotor operating at a rotational speed, 𝜔, 

tip speed ratio, 𝜆, is the ratio of the speed of the blade tip, 
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at radius 𝑟𝑡𝑖𝑝, to the free stream flow speed, 𝑈∞, as shown 

in (1). 

 𝜆 =
𝑟𝑡𝑖𝑝𝜔

𝑈∞

 (1) 

 Turbine rotors can therefore move away from the peak 

on the coefficient of torque curve, a typical example of 

which is shown in Fig. 1, by either increasing the 

rotational speed, which reduces the angle of attack along 

the span of the blade, or by reducing rotational speed 

such that the blade stalls [8]. 

Variable-pitch control allows turbines to respond to an 

increase in flow speed by increasing the blade pitch 

angle, 𝛽, as shown in Fig. 2, such that the leading edge 

rotates towards the direction of the freestream flow [6]. 

This is known as pitch-to-feather, and leads to a reduced 

angle of attack along the length of the blade, resulting in 

reduced coefficients of power and thrust in high flow 

speeds [9], as shown in Fig. 3. Variable-pitch control may 

or may not be used in conjunction with speed-control. 

B. Active pitch control 

Active pitch systems incorporate an actuator to provide 

the pitching moment, bearings to allow pitch rotation, an 

encoder to measure the blade pitch angle, and a controller 

based on a combination of proportional, integral and 

derivative feedback [10]–[13].  

Active pitch systems allow any pitch angle to be 

targeted in any operating condition. The disadvantage of 

active pitch systems, however, is that they are complex 

and therefore require frequent maintenance, which, due 

to the inherent difficulties associated with tidal turbine 

access, drives up the LCOE [4], [14]. Active pitch systems 

employed on wind turbines have even been shown to be 

responsible for up to 27% of  all failures, more than any 

other system on wind turbines [15]–[17] 

C. Passive pitch control 

Passive pitch mechanisms use either the hydrodynamic 

forces generated by the rotor blade, the centrifugal force 

generated by the rotation of the blade, or a combination 

of both, in order to cause the blades to pitch-to-feather in 

high-flow conditions. 

A degree of passive blade-pitching has been shown to 

be achievable by exploiting the anisotropic properties of 

composite materials such that the bending moment 

developed by the hydrodynamic forces acting on the 

blade causes the blade to twist along its pitch axis [18]–

[20]. This is known as bend-twist coupling and has been 

shown to offer a reduction of thrust load in high-flow 

conditions of up to 12%, without significantly affecting 

the power captured in low-flow conditions [18]. 

 

 

 
Fig. 1.  Typical relationship between coefficient of torque, 𝐶Q, and 

tip speed ratio, 𝜆.  

 

 
Fig. 2.  Diagram illustrating the relationship between the local 

normal flow speed, 𝑈normal, local tangential velocity component, 

𝑈tangential, local resultant flow, 𝑈resultant, and the local inflow angle, 𝜙 

at a radial cross section of a tidal turbine blade. Also shown is the 

relationship between local twist angle, 𝜃, blade pitch angle, 𝛽, and 

local angle of attack, 𝛼. Blade pitch, 𝛽, is the angle between the chord 

line at the point in time shown and the chord line as installed. Local 

𝛼 decreases as 𝛽 increases. 

 

This work, however, is focused on developing a 

passive blade-pitch mechanism which allows the blade to 

rotate about a bearing at the root, in order to reduce 

thrust. Such a mechanism should be compatible with 

blades which exhibit bend-twist coupling so that the 

benefits of both approaches could be combined in future 

work. 

The aim of the passive pitch mechanism portrayed in 

this study is to allow larger diameter blades to be 

installed on a tidal turbine, without increasing the forces 

experienced in high-flow conditions. Power capture is 

proportional to the square of rotor diameter when all 

other factors are the same [21], so installing larger blades 

could increase the annual energy yield of a turbine. To 

ensure that larger blades enable a greater energy yield, 

whilst limiting the loads generated by the rotor, the 

passive pitch mechanism must fulfil the following 

requirements: 

 

1. In low flow speeds, the blade pitch must be 

maintained at an optimum angle to maximise 

coefficient of power. 
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2. In high flow speeds, the blade pitch angle 

must increase to ensure that the 

hydrodynamic loads and power generated by 

the rotor blades remain within limits. 

 

3. During braking, the blades must pitch in order 

to reduce the braking torque requirements and 

to reduce the rotor thrust experienced as the 

tip speed ratio decreases, which leads to an 

increase in coefficient of thrust, 𝐶T, as shown 

in Fig. 3. 

D. Passive blade-pitch mechanism initial design 

The hub size needs to grow in order to accommodate a 

passive pitch mechanism. For initial design of the passive 

pitch mechanism portrayed in this study, the decision has 

been taken to double the hub size compared to that of the 

fixed pitch turbine. The radius of the blade roots also 

therefore double as the blade root location is governed by 

the hub size, as shown in Fig. 4.   

II. MATHEMATICAL MODEL 

A coupled model has been developed to assist with the 

development of a passive blade-pitch mechanism.  

A hyrodynamic model, the National Renewable Energy 

Laboratory’s (NREL) AeroDyn tool was used alongside xfoil 

to compute the load distribution generated by a two-

bladed tidal turbine rotor. The hydrodynamic model 

computes a load distribution along the rotor blades for a 

given operating condition, defined by flow speed, 𝑈∞ and 

tip speed ratio, 𝜆, and a given pair of blade pitch angles, 

𝛽1 and 𝛽2, for the first and second blades respectively.  

A mechanical model was developed to predict the 

pitch response of each blade, based on the characteristics 

of the passive pitch mechanism and the loads developed 

by the rotor blades. 

The hydrodynamic and mechanical models were then 

coupled in order to capture the fluid-structure interaction 

behaviour of the passive pitch mechanism and its impact 

on the performance of the rotor. 

E. Hydrodynamic model 

AeroDyn, a module of the NREL’s OpenFAST turbine 

simulation tool was used to calculate the loads generated 

by the fluid flow over the rotating tidal turbine rotor 

blades. AeroDyn employs Blade Element Momentum 

Theory (BEMT) to estimate the effects of flow around the 

blades by dividing the blade into a series of small radial 

elements and considering the flow around each element 

as two-dimensional (2D). AeroDyn then then applies 

correction factors in order to better capture three-

dimensional (3D) hydrodynamic effects [22]. 

The 2D flow data fed into AeroDyn consists of lift, drag 

and moment polars for the hydrofoil at each radial 

element along the length of the blade. These were 

generated using xfoil, which is based on the linear-

vorticity panel method [23].  

(a)  

(b)  

 

Fig. 3.  Typical curves of (a) coefficient of power, 𝐶P, and (b) 

coefficient of thrust, 𝐶T, against tip speed ratio, 𝜆, for a range of 

blade pitch angles. 

 

  
(a)                                                     (b) 

Fig. 4. (a) The original turbine rotor with fixed pitch blades and 

(b) the rotor with hub enlarged in order to incorporate the passive 

pitch mechanism. 

 

Drag polars from xfoil include the effect of skin friction 

drag, and are based on the wake momentum thickness far 

downstream [23]. 

When using xfoil to generate lift, drag and moment 

polars, an NCrit value of 0.5 was used when simulating 

turbine performance at a typical tidal site, as empirical 

date suggests this value is most appropriate [24]. when 

simulating the loads on the rotor in a tow tank, however, 

where turbulence levels are very low [25], an NCrit value of 

10 was used, which corresponds with clean flow [23]. The 

results generated by xfoil were validated using 

OpenFOAM, a computational fluid dynamics tool, 

employing a Spalart-Allmaras turbulence model [26]. 

The correction factors applied by the AeroDyn tool 

include Prandtl’s tip-loss and hub-loss models as well as 

Pitt and Peters model for skewed wake correction in 

misaligned flow [22]. 

The hydrodynamic model was validated against 

experimental data from a 1/6th scale model test at the 

Marin tow tank.  The model turbine blades consisted of 

balanced, symmetric carbon fibre reinforced polymer 

Pitch  ngle

Pitch  ngle
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(CFRP) laminate which is assumed to be sufficiently rigid 

to neglect fluid-structure interaction effects. 

At each operating condition of interest, the 

hydrodynamic model was run at pitch increments of 

0.25° in order to interpolate the hydrodynamic pitching 

moment on the first and second blades, 𝑀H1
 and 𝑀H2

, as 

functions of their respective pitch angle. 

F. Mechanical model of passive pitch mechanism 

For a given operating condition, defined by flow speed, 

𝑈∞, and tip speed ratio, 𝜆, the mechanical model 

computes the response of the passive pitch mechanism.  

The net pitching moment on each blade, which is equal 

to the blades’ polar moment of inertia, 𝐽, multiplied by 

the pitch acceleration of each blade 𝛽̈1 and 𝛽̈2, is defined 

by (2) and (3). The net pitching moment on each blade is 

the sum of the hydrodynamic moment on each blade, 𝑀H1
 

and 𝑀H2
 respectively, the moment due to damping as a 

result of the blade rotating in sea water about its pitch 

axis, 𝑀D1
 and 𝑀D2

, the moment due to friction in the 

bearings and seals, 𝑀F1
 and 𝑀F2

, and the moment about 

the pitch axis provided by the passive pitch mechanism, 

𝑀PP1
and 𝑀PP2. These moments are functions of a 

combination of the pitch rate of each blade, 𝛽̇1 and 𝛽̇2 

respectively, and the pitch angle of each blade, 𝛽1 and 𝛽2. 

 𝐽𝛽1̈ = 𝑀H1
( 𝛽1) + 𝑀D1

(𝛽1̇) +𝑀F1(𝛽1̇, 𝛽2̇, 𝛽1, 𝛽2) + 𝑀PP1(𝛽1, 𝛽2) (2) 

 𝐽𝛽2̈ = 𝑀H2
( 𝛽2) +𝑀D2

(𝛽2̇) + 𝑀F2(𝛽1̇, 𝛽2̇, 𝛽1, 𝛽2) + 𝑀PP2(𝛽1, 𝛽2) (3) 

When the rotor is considered at a steady state, the pitch 

rate and pitch acceleration of each blade are zero. 

Equations (2) and (3) then become (4) and (5). The friction 

term, however, does not disappear, because static friction 

remains in the bearings and seals. 

 0 = 𝑀H1
( 𝛽1) + 𝑀F1

(𝛽1, 𝛽2) + 𝑀PP1(𝛽1, 𝛽2) (4) 

 0 = 𝑀H2
( 𝛽2) + 𝑀F2

(𝛽1, 𝛽2) + 𝑀PP2(𝛽1, 𝛽2) (5) 

A dynamic response, based on (2) and (3), was used to 

model the loads on the rotor during braking, while a 

steady-state response, based on (4) and (5), was assumed 

when analysing the turbine performance at a constant 

rotor speed in steady flow. This is based on an 

assumption that the tidal flow speed increases very 

gradually, while the dynamic impact of shear velocity 

profile, waves and other turbulence has been neglected. 

In the dynamic model, governed by (2) and (3), 

pitching moment due to friction depends upon the pitch 

rate of each blade, 𝛽̇1 and 𝛽̇2 respectively, as this 

determines whether the static or dynamic coefficient of 

friction applies, and in what direction friction applies. 

The static model, however, neglects the time history of 

the pitch of each blade and instead applies the static 

coefficient of friction. 

G. Fluid-structure interaction 

The hydrodynamic model and mechanical model of the 

passive pitch mechanism can be coupled such that for a 

given operating condition, defined by 𝑈∞ and 𝜆, the 

unique pair of physically feasible blade pitch angles 

which satisfy both models, 𝛽1 and 𝛽2, can be computed.  

The models are coupled such that the outputs from the 

hydrodynamic model, 𝑀H1
 and 𝑀H2

, form the inputs to 

the mechanical model, whilst the outputs of the 

mechanical model, 𝛽1 and 𝛽2, constitute the inputs to the 

hydrodynamic model, as represented in Fig. 5. 

The pair of blade pitch angles which satisfy both the 

fluid and structural elements of the model were found by 

solving (2) and (3) simultaneously. For dynamic 

simulations, the coupled model must be solved at each 

time-step. 

III. MODELLING RESULTS 

H. Validation of hydrodynamic model 

The turbine operates at the tip speed ratio which 

corresponds with maximum power extraction, λ*, until 

the generator torque or power limits are reached. The 

turbine subsequently operates at higher tip speed ratios. 

Fig. 6 (a) and (b) show generally good agreement for 

coefficients of power and torque between the 

hydrodynamic model and results data from a scale model 

test conducted in a tow tank. The hydrodynamic model 

does, however, predict greater coefficients of power and 

thrust for tip speed ratios below λ*.  

The disparity between the model and the experimental 

data partly stems from the fact that BEMT and xfoil 

cannot capture the effect of flow separation at high angles 

of attack which occur at low tip speed ratios [27]. 

Disparity between the model and experimental data 

could also be due to the application of zig-zag tape on the 

test model blades. Zig-zag tape was applied to promote 

transition to turbulent flow, in order to simulate the 

effects of higher Reynolds number flow compared to the 

true Reynolds number at 1/6th scale. Zig-zag tape may, 

however, have altered the lift and drag generated by the 

blades in a manner that has not been captured by the 

hydrodynamic model. 

Geometric errors in the blades of the scale model 

manufactured may also have resulted in disparity 

between the model and experimental results. 

Blockage and edge effects should not have contributed 

significantly to disparity between experimental and 

modelling results as the blockage ratio for the scale model 

in the tow tank was just 6%, while the hub was one full 

rotor diameter below the surface and over six full rotor 

diameters above the tank floor.  

Turbulence is also unlikely to have resulted in 

disparity between the model and experimental data as 

very low turbulence levels can be achieved in the tow 

tank if sufficient settling time is allowed between runs 

[28], which is reflected in the choice of NCrit value. 
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Fig. 5.  Flow diagram representing the coupling of the 

hydrodynamic and mechanical models in order to capture fluid-

structure interaction.  

 

Fig. 6 (c) shows that the thrust values from the 

hydrodynamic model and the experimental data for tip 

speed ratios are within 3% for tip speed ratios greater 

than that which corresponds to maximum power 

extraction, λ*. This is important as the response of the 

passive pitch mechanism is influenced by the 

hydrodynamic loads generated by the rotor blades. 

I. Effect of passive pitch mechanism on rotor thrust 

As stated in Section C, the aim of the passive pitch 

mechanism developed in this study is to reduce the thrust 

force on the rotor in high-flow conditions, including 

when braking. This will then allow a larger diameter 

rotor to be installed without increasing the maximum 

thrust experienced during operation when compared to 

the rotor with fixed pitch blades.  

For a rotor with fixed pitch blades, the maximum 

thrust force, 𝑇∗, is experienced when operating at cut-out 

flow speed, 𝑈∗. This is equal to the thrust force 

experienced at the beginning of the braking process.  

When the blades are fitted to a passive pitch 

mechanism, however, the maximum thrust force is 

experienced during braking because as the pitch angle 

increases, the peak of the coefficient of thrust curve shifts 

towards lower tip speed ratio values, as shown in Fig. 3 

(b). The coefficient of thrust therefore increases as the 

rotor speed decreases, as happens during braking, when 

the blades are in a pitched position. 

Fig. 7 shows the thrust force generated by both fixed 

pitch and passive pitch rotors during braking, as 

computed by the model developed as part of this study. It 

can be seen that the passive pitch mechanism reduces the 

maximum rotor thrust by over 50%.  

There is scope to scale up the rotor blades of the 

turbine incorporating passive pitch control until the 

maximum thrust force experienced during braking is 

equal to the maximum thrust force exerted on the rotor 

with fixed pitch blades. 

 Fig. 8 shows that when the passive pitch mechanism is 

incorporated, assuming that the turbine rotor and passive 

pitch mechanism can be scaled geometrically, the rotor 

diameter could be scaled up by a factor of up to 1.42 

without increasing the maximum thrust load 

experienced. 

Three turbines will be referred to throughout the 

remainder of this work: 

(a)  

 

(b)  

 

(c)  
 

Fig. 6.   Comparison of (a) Coefficient of Power, 𝐶P, (b) Coefficient 

of Torque, 𝐶Q, and (c) Coefficient of Thrust, 𝐶T, data from 

experimental tests for a rotor with rigid blades and the AeroDyn 

hydrodynamic model, uncoupled form the mechanical model. 

Performance coefficients are normalised relative to the maximum 

value computed by the model for the range shown in each figure. 

Tip speed ratio, 𝜆, is normalised relative to the tip speed ration 

which corresponds with maximum 𝐶P, 𝜆∗. The coefficients of power, 

torque and thrust, are normalised relative to the maximum 

coefficients of power, torque and thrust predicted by the 

hydrodynamic model within this range of tip speed ratios, 𝐶P*, 𝐶Q* 

and 𝐶𝑇* respectively. 

 

Turbine A:  Fixed blade-pitch, original-scale hub and 

rotor diameter 

 

Turbine B:  Passive blade-pitch, hub geometry 

doubled, original-scale rotor diameter 

 

Turbine C:  Passive blade-pitch, hub geometry 

increased by factor of 2.8, rotor diameter 

scaled by factor of 1.4 

  drod namic Model

          ,  
           

Mechanical Model

          

          ,  
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Fig. 7. Modelled thrust force during braking for a fixed pitch tidal 

turbine compared to a turbine with the same rotor diameter 

incorporating a passive pitch mechanism. Rotor thrust, 𝑇, is 

normalised relative to the maximum thrust that the rotor with fixed 

pitch blades would experience, 𝑇∗. Time, 𝑡, is normalised relative to 

the total time taken to fully brake the rotor, 𝑡∗. 

 

 
Fig. 8.  The relationship between maximum thrust predicted by 

the model and rotor diameter, assuming that the blade geometries 

are all geometrically similar, that the passive pitch mechanism scales 

with rotor diameter, and that all limits, including power limit, 

torque limit and cut-out flow speed, remain the same. Maximum 

rotor thrust, 𝑇Max, is normalised relative to the maximum thrust that 

the rotor with fixed pitch blades would experience, 𝑇∗. Rotor 

diameter, 𝐷, is normalised relative to the diameter of the original-

scale rotor with fixed pitch blades, 𝐷∗. 

 

It is very important to note the caveat that the 

modelled performance of Turbine C in this work 

represents a target for a turbine with a passive blade-

pitch mechanism, based on an initial design. It does not 

represent the predicted performance of a production 

turbine based on detailed design.  

J. Effect of passive pitch mechanism and scaled-up rotor 

on power capture 

Fig. 9 (a) shows that the average power generated by 

Turbine C is higher than that of Turbine A for flow 

speeds up to 0.70 of cut-out flow. All power curves flatten 

off at the generator power limit. 

Fig. 9 (b) shows that the thrust exerted Turbine C is 

higher than that exerted on Turbine A for low flow 

speeds, but lower than that exerted on the Turbine A in 

high-flow conditions. This is because the passive pitch 

mechanism leads to a predicted decreased in thrust in 

flows above 0.70 of cut-out speed. This unexpected result 

appears to be due to the model predicting that as the 

pitch angle increases, the angle of attack at each hydrofoil 

along the length of the blades decreases, as illustrated in 

Fig. 1, which, according to xfoil, results in an increased 

coefficient of moment, 𝐶M. 

(a)  

 

(b)  
 

Fig. 9.  (a) Average rotor power and (b) rotor thrust against flow 

speed for Turbine A compared to Turbine B. Rotor power, 𝑃, is 

normalised relative to the generator power limit, 𝑃∗. Rotor thrust, 𝑇, 

is normalised relative to the maximum thrust that the rotor with 

fixed pitch blades would experience, 𝑇∗. Flow speed, 𝑈∞, is 

normalised relative to 𝑈∞
∗ , the cut-out flow speed for the turbine 

studied here. Note that the average power is calculated as the mean 

of the power output in gradually increasing and decreasing flow 

speeds. 

K. Effect of friction on the passive pitch mechanism 

Fig. 10 shows the effect that friction within the passive 

pitch mechanism has on the power generated by Turbine 

C. A hysteresis effect can be seen; for any given flow 

speed, the turbine generates more power when the flow 

speed, and therefore the loads on the rotor blades, are 

gradually increasing compared to when they are 

decreasing. This result is due to the fact that when the 

flow speed and loads on the rotor blades are increasing, 

friction acts to prevent the blade pitch angle from 

increasing. This means that the blades experience a 

higher angle of attack, and so generate greater lift and 

drag forces, resulting in more torque and therefore more 

power. When the flow speed is decreasing, the opposite is 

true, so the rotor experiences lower loads and captures 

less power.  

It has been assumed throughout this study that a 

relatively low coefficient of friction can be achieved for 

components within the passive pitch mechanism. Though 

it must be stressed that the performance of Turbine C 

therefore represents a target rather than a prediction for a 

production turbine with a passive pitch mechanism. 
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(a)  

(b)  
 

Fig. 10.  (a) Plot of instantaneous power against flow speed 

comparing the performance of Turbine C compared to an identical 

turbine with greater friction within the passive pitch mechanism, 

when flow speed is increasing and decreasing at a sufficiently slow 

rate that the system can be considered at a steady state. (b) Plot of 

average power against flow speed comparing the performance of 

Turbine C compared to an identical turbine with greater friction 

within the passive pitch mechanism. Note that the average power is 

calculated as the mean of the power output in gradually increasing 

and decreasing flow speeds. Instantaneous rotor power, 𝑃, and 

average rotor power, 𝑃Ave, are normalised relative to the generator 

power limit, 𝑃∗. Flow speed, 𝑈∞, is normalised relative to 𝑈∞
∗ , the 

cut-out flow speed for the turbine studied here. 

L. Effect of passive pitch mechanism effectiveness on 

turbine performance 

An ideal passive pitch mechanism would match the 

pitch response of an active pitch system in order to 

achieve the objectives laid out in Section C. The blades 

would remain at their optimal pitch angle until the 

generated power limit is reached, resulting in a 

maximum coefficient of power in low-flow conditions. 

The blades would then pitch-to-feather at a relatively high 

rate as the flow speed increases further, resulting in 

reduced loads in high-flow conditions. 

Fig. 11 shows that a highly effective passive pitch 

mechanism, which corresponds to Turbine C modelled 

throughout this study, would come close to matching the 

performance that can be achieved with active pitch 

control. The power generated by Turbine C only deviates 

from the power output that could be achieved by a 

turbine with active pitch control between 0.55 and 0.85 of 

the cut-out flow speed. 

Fig. 11 shows that less effective passive pitch 

mechanisms would cause the blades to begin pitching at 

lower flow speeds, such that the power curves deviate 

from that of the turbine with active pitch control. Again, 

it must be stressed that the modelled performance of 

Turbine C represents a target rather than a prediction. 

 
Fig. 11.  Plot of average power against flow speed comparing the 

performance of a scaled-up turbine with active pitch control, and 

passive pitch control with highly effective, moderately effective and 

ineffective mechanisms. Note that the average power is calculated as 

the mean of the power output in gradually increasing and 

decreasing flow speeds. 

M. Blade pitch response predicted by modelling 

Fig. 12 shows that the passive pitch mechanism holds 

both blades at 0° pitch, which corresponds with 

maximum coefficient of power, until 0.47 of cut-out flow 

speed, regardless of whether the flow speed is increasing 

or decreasing. 

Fig. 12 then shows that the blades pitch less for any 

given flow speed when the flow speed is gradually 

increasing compared to when it is decreasing. This occurs 

because friction acts to reduce the pitch angle of each 

blade in accelerating flow, whereas when the flow speed 

decreases, friction inhibits the extent to which the blades 

return to their original angle from their pitched position. 

It can also be observed in Fig. 12 that the pitch angle of 

the two blades differ from one another. This is also due to 

friction within the bearings and seals of the passive pitch 

mechanism which is captured by the mechanical model. 

Fig. 13 shows how the pitch angle of each blade 

changes during braking, according to a dynamic model 

governed by (2) and (3). The model suggests that friction 

within the mechanism prevents the blades from pitching 

further during braking, and further reducing the thrust 

load on the rotor. 

N. Energy yield gains from incorporating passive pitch 

Fig. 14 (a) shows a typical tidal flow distribution based 

on data from [29], as well as the power curves for both 

Turbine A and Turbine C. Turbine C captures more 

power for all flow speeds up to 0.75 of the cut-out flow 

speed. 

The annual energy yield has been computed by 

calculating the energy generated in each flow speed bin. 

Each bin is defined by an upper and lower limit of flow 

speed, 0.1 m/s apart. Fig. 14 (b) shows that the energy 

captured by Turbine C is greater for all bins below 0.75 of 

the cut-out speed. Turbine A, with fixed pitch blades, 

captures more power between 0.75 and 0.90 of cut-out 

flow speed, but these conditions are experienced less than 

5% of the time so this contributes very little energy yield. 
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Fig. 12.  Blade pitch angle against flow speed for Turbine C. Blade 

pitch, 𝛽, is normalised relative to the maximum blade pitch allowed 

by the passive pitch mechanism, 𝛽∗. Flow speed, 𝑈∞, is normalised 

relative to 𝑈∞
*, the cut-out flow speed for the turbine studied here. 

 

 

 
Fig. 13. The passive pitch response of each blade during braking 

at cut-out flow speed. Blade pitch, 𝛽, is normalised relative to the 

maximum blade pitch allowed by the passive pitch mechanism, 𝛽∗. 

Time, 𝑡, is normalised relative to the total time taken to fully brake 

the rotor, 𝑡∗. 

 

Fig. 14 (c) then shows the increased cumulative energy 

generated by Turbine C compared to Turbine A. The 

increase in annual energy yield based on the given flow 

speed distribution is shown to be 32.7%. 

IV. CONCLUSION 

A passive blade-pitch mechanism has the potential to 

reduce the LCOE for tidal energy, by increasing energy 

yield compared to smaller turbines with fixed pitch 

blades, whilst avoiding the capital and maintenance costs 

associated with active pitch mechanisms. 

An ideal passive pitch mechanism would provide a 

high resistance to blade-pitch in low-flow conditions, 

followed by a relatively low resistance to blade-pitch 

above the flow speed at which the generator power limit 

is reached. 

An ideal passive pitch mechanism would also be 

carefully designed in order to minimise friction such that 

the blades respond rapidly to changes in load, and such 

that the blades increasingly pitch-to-feather as thrust 

increases, even if the rotor speed decreases.  

(a)  
 

(b)  

 

(c)  

 

Fig. 14.   Comparison of (a) average power, 𝑃Ave, (b) energy 

generation per flow speed bin, 𝐸Bin, and (c) cumulative energy 

generation, 𝐸Cumulative, against flow speed for Turbine A compared 

to Turbine C. Average power, 𝑃Ave, is normalised relative to the 

generator power limit, 𝑃∗. Energy generation per flow speed bin, 

𝐸Bin, is normalised relative to the energy generation in the most 

productive bin for the turbine with fixed pitch blades, 𝐸𝐵𝑖𝑛*. 

Cumulative energy generation, 𝐸Cumulative, is normalised relative to 

the cumulative annual energy yield for the turbine with fixed pitch 

blades, 𝐸𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒
*. All three plots are overlayed against a typical 

flow speed distribution [29] which has been used to estimate energy 

generation. 

 

Minimising friction would allow both blade-pitch 

angles to increase during braking, as opposed to staying 

relatively constant as shown in Fig. 11, in order to reduce 

thrust during braking compared to the thrust acting on 

the rotor with passive blade-pitch shown in Fig. 7.  
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Reducing friction would also shrink the hysteresis 

effect between power curves for increasing and 

decreasing flow speeds, as seen in Fig. 12 (a). This would 

increase the average power generated at each flow speed, 

ash shown in Fig. 12 (b). 

Friction is also responsible for the blade pitch 

imbalance, the difference in pitch angles between the two 

blades as seen in Figs. 9 and 10. Reducing friction could 

also help to avoid potential problems associated with this 

imbalance. 

V. FURTHER WORK 

Detailed design work needs to be undertaken in order 

to realise the potential benefits described in this study of 

implementing a passive pitch mechanism. 

  Further analysis is also needed to check whether the 

blade pitch imbalance is problematic. A dynamic analysis 

of the response of the passive pitch mechanism to flow 

speed variations due to shear profile, waves or flow 

misalignment is required. 

Physical testing will also be required in order to 

validate the modelling work on the passive pitch 

mechanism.  
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